We measure the electric-field-driven annihilation of nematic disclination pairs with strength 1=2 in the 4-cyano-4 0 -n-pentylbiphenyl (5CB) liquid crystal. The use of a very weak azimuthal anchoring ensures a two-dimensional director field. The relaxation is governed by the formation of a wall connecting the two opposite charge defects. The 1=2 disclinations move almost twice as fast as the ÿ1=2 disclinations. The simple used geometry allows a quantitative comparison with numerical studies based on the hydrodynamics of the tensorial order parameter. The simulations show that in the wall regime the symmetry breaking is due to the backflow and not to the elastic anisotropy. DOI: 10.1103/PhysRevLett.95.097802 PACS numbers: 61.30.Jf, 61.30.Hn, 61.72.Cc The dynamics of topological defects plays an essential role in many areas of physics from cosmic strings in the early universe [1] to vortex lines in superfluid helium [2] . In many condensed matter systems, topological defects propagate in an almost motionless background as flux line dynamics in superconductors [3] and dislocation motion in crystals [4] . On the contrary, in softer systems such as nematic liquid crystals, a coupling between the propagation of topological defects and the flow field is expected. The topological defects (disclinations) [5] of a nematic liquid crystal are the singularities of the orientational field or director n, classified according to their topological charge (the winding number of the director field around the defect). When a defect moves, the surrounding elastic field changes and, accordingly, the director reorients. This director rotation is coupled with the velocity field by the so-called backflow effect. The backflow influence on the annihilation dynamics of 1=2 and ÿ1=2 line defects has been addressed only recently by numerical simulations [6 -8], according to which defects of opposite strength annihilate with different velocities. This surprising symmetry breaking is either induced by a different coupling with the flow field [7, 8] or by the elastic anisotropy [7] . However, to the best of our knowledge a direct and clear experimental evidence of this symmetry breaking dynamics is still lacking.
The dynamics of topological defects plays an essential role in many areas of physics from cosmic strings in the early universe [1] to vortex lines in superfluid helium [2] . In many condensed matter systems, topological defects propagate in an almost motionless background as flux line dynamics in superconductors [3] and dislocation motion in crystals [4] . On the contrary, in softer systems such as nematic liquid crystals, a coupling between the propagation of topological defects and the flow field is expected. The topological defects (disclinations) [5] of a nematic liquid crystal are the singularities of the orientational field or director n, classified according to their topological charge (the winding number of the director field around the defect). When a defect moves, the surrounding elastic field changes and, accordingly, the director reorients. This director rotation is coupled with the velocity field by the so-called backflow effect. The backflow influence on the annihilation dynamics of 1=2 and ÿ1=2 line defects has been addressed only recently by numerical simulations [6 -8] , according to which defects of opposite strength annihilate with different velocities. This surprising symmetry breaking is either induced by a different coupling with the flow field [7, 8] or by the elastic anisotropy [7] . However, to the best of our knowledge a direct and clear experimental evidence of this symmetry breaking dynamics is still lacking.
In this Letter, we present an experimental study of the dynamics of 1=2 and ÿ1=2 disclinations under the influence of an electric field. By using an original anchoring, we succeed in obtaining a two-dimensional (2D) director field. This simple experimental geometry allows an easy comparison with a 2D numerical simulation of the complete hydrodynamic equations [9, 10] . We observe that the 1=2 line defect can move almost twice as fast as the ÿ1=2 one in a wide range of applied forces. This velocity asymmetry is recovered in the simulations to a remarkable level of agreement, showing for the first time that complete simulations of disclination dynamics agree quantitatively with experiments.
We have used planar orienting layers with an almost memory-free anchoring for the 4-cyano-4 0 -npentylbiphenyl (5CB) nematic liquid crystal, providing a strong zenithal anchoring [11] but only a very weak azimuthal anchoring, thus enabling a free rotation of the director in the plane of the substrates. Two surface treatments have been examined: the memory-free standard (3-glycidoxypropyl) trimethoxysilane (3-GPS) [12] and a commercial photopolymer (Norland Optical Adhesive 60: NOA60). Here we discuss results obtained with NOA60, which gives a better temporal stability of the anchoring than 3-GPS. A solution (1 wt. % of NOA60 in ethanol) is spin coated on clean glass slides. After curing for 1 h in an oven at 90 C, the slides are exposed to UV light for 10 minutes. Two parallel aluminum stripes D 1 mm apart are then used both as spacers to mount the cells and as electrodes to apply a 10 kHz ac voltage V a . The range of studied cell thickness d is 25-100 m. In this geometry, the in-plane electric field is nearly constant at the middistance of electrodes with E 0:7V a =D [13] . The cells are filled with 5CB and placed in an Instec STC200D oven, at fixed temperature T eq 32:3 C (the nematic-isotropic transition temperature is T NI 35:3 C). The region between electrodes is observed under a polarizing microscope equipped with a fast CCD camera (Pulnix TM-6703) and a PC frame grabber with the ability of capturing up to 100 frames=s.
We handle the weak residual azimuthal anchoring by applying a large electric field (E > 100 V=mm) for several hours before experiments. It fixes the easy axis in the direction perpendicular to the electrodes. The azimuthal anchoring is very weak with an extrapolation length as large as L az 100 m; see below. Disclinations are created in the electric field by moving a hot wire close to the cell, so that the temperature locally increases above T NI . After withdrawal, the sudden return to T eq provokes the nucleation of wedge 1=2 disclinations in the otherwise aligned sample. In the electric field, these defects annihilate by pairs of opposite topological charge.
An example of such an isolated pair is given in Fig. 1 . A wall connects the two vertical defects, corresponding to a rotation of the director as shown by the presence of the two bright fringes observed under crossed polarizers. When increasing the electric field, the width of the wall is observed to decrease strongly (Fig. 2) while the disclinations move much faster.
We first focus on the static wall far from the moving disclinations, where no flow is present. Both the equilibrium texture and the energy stored in the wall result from the competition between elasticity, dielectric energy, and surface anchoring. One should distinguish two regimes depending on the electric field strength. In zero field, only the weak azimuthal surface anchoring competes with the bulk elasticity. The analytical expression of the director field is given in Ref. [14] . From a quantitative analysis of the transmitted intensity across the wall, we found a large surface extrapolation length L az in the range 70-100 m at T eq . In a strong enough electric field, the anchoring becomes negligible and the free energy reduces to a bulk free energy:
where K is the splay-bend elastic modulus in the oneconstant approximation, ' is the angle between the director and the electric field, and " a the dielectric anisotropy. For a wall, minimization of Eq. (1) yields 's 2 arctanexpÿs= E , where E K=" 0 " a 1=2 E ÿ1 is the electric coherence length and s is a coordinate perpendicular to the wall.
For an accurate measurement of the wall width l, we set crossed polarizers with the analyzer parallel to the electric field. The transmitted intensity was then fitted with Is / cos 2 'ssin 2 's where we use 's 2 arctanexpÿs=l. Figure 2 shows the evolution of l with the applied voltage V a . We find a linear relation l V ÿ1 a for voltage larger than V c 20 V with 300 m V. This shows that the above 2D director field correctly describes the texture above V c (using the 5CB material parameters at T eq , K 4 10 ÿ12 N [15, 16] , " a 9:5 [17] , we obtain E th V ÿ1 a with th 312 m V). Accordingly, we neglect the surface anchoring in this regime.
We focus now on the stationary dynamics of a single defect reached under the external field. Note that this regime is not observed in the case of the free defect pair without the external field where defects accelerate [7, 8] . Each disclination is subject to the same driving force equal to the wall energy per unit length F. Under this force, disclinations acquire stationary velocities; this regime is observed as long as the distance between defects is larger than l. For distances lower than l, the disclinations accelerate. This behavior is due to the appearing of a supplementary force induced by the direct elastic interaction between the disclinations. Similar regimes (stationary and then accelerated at short separation distances) were also observed in presence of a strong anchoring alone [14] . In the following we will focus only on the stationary regime. Figure 3 shows the velocity dependence of each defect on the electric field for the case when the wall is oriented at 90 with respect to the field. Experimental points are obtained by averaging approximately 20 runs for each defect strength.
The 1=2 defect moves nearly twice as fast as the ÿ1=2 one. Above E c (corresponding to V c ), the defect velocities v depend linearly on the electric field: v E ÿ e p , where are the mobility coefficients for each defect. This can be qualitatively understood by a competition of the driving force F 2Ed K" a " 0 p obtained from Eq. (1), a viscous drag force / v , and a weak constant force corresponding to the term e p . The latter represents a friction force due to the interaction between the defects and the substrates. To overcome it, E should be larger than the 
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097802-2 threshold field e p [18] . We quantify the symmetry breaking by the ratio r = ÿ . In Fig. 3 We do not observe a clear influence of the cell thickness, as expected for a 2D system. The ratio r depends on the angle (Fig. 4) : it increases with and reaches a maximum when the wall is orthogonal to the electric field ( 90 ). A simple analysis by neglecting the flow allows us to estimate as a function of the 5CB parameters. We consider a wall located at y < 0 in the defect frame. For a stationary dynamics, the drag force is F d d 1 v R R @'=@y 2 dxdy, where 1 is the rotational viscosity. In the quasistatic approximation, ' is given by r 2 ' sin2'=2 2 E [from Eq. (1)] [20] . Note that in dimensionless cylindrical coordinates centered on the defect r r= E ; , ' does not depend on E . To compute the drag force F d , we introduce a fixed adimensioned lengthr f which checks a= E <r f 1 where a 5 nm is the elastic cutoff radius. We then compute F d integral separately in the cylinder of radiusr f and in the outer region. In the cylinder the influence of the electric field can be neglected and the director field is given by ' =2 ÿ =4. Straightforward computations yield:
where b r f exp4= R 1 r f R 2 0 @'=@ỹ 2r drd does not depend on E . Numerical computations of b give b 0:9 0:05 for the range 0:05 <r f < 0:1. Balancing the driving force by this viscous force yields: Such an analysis, however, neglects the backflow and the anisotropy of elastic constants and fails to reproduce the measured symmetry breaking dynamics. To account for it, a 2D hydrodynamic simulation based on the Q tensor description was performed. The governing equations, which comprise the dynamic equation for the Q tensor, the Navier-Stokes equation in the low-Reynolds-number and steady-state approximations, and the incompressibility requirement are explained in [8] , together with the numerical technique. Here we extend the description to take into account the elastic anisotropy, which is realized by including in distortion energy density terms up to third order in Q:
where
2 , and L 00 2K 33 ÿ K 11 =9S 3 are expressed in terms of the Frank elastic constants K ii and degree of order S. The Q-dependent part of the dielectric energy density is f E ÿ 1 3 " 0 " am Q ij E i E j , where " am is the microscopic electric anisotropy (" a S" am ). Data on elastic constants and degree of order are taken from Refs. [15, 16] , Leslie viscosities from Ref. [5] , and the coefficients describing the N-I transition from Ref. [22] .
We simulate isolated 1=2 defects on a 250a 250a grid. The electric field is chosen so that the wall width is as narrow as l 75a, while l a is still adequately satisfied. The simulated wall width is much smaller than the experimental ones. This shortens the time scale; combining Eq. (3) 
097802-3 scales as v / l lnl=a ÿ1 and time scales as t / l 2 lnl=a. The Navier-Stokes equation is linear in the velocity [8] and the viscous stress tensor v which is the source of the symmetry breaking scales as v / l 2 lnl=a ÿ1 . This means that the flow velocity scales in the same way as the defect velocity. The simulated system is thus just a downscale version of the actual one and the symmetry breaking is the same. The scaling is not perfect due to the elastic stress tensor e [8] which scales as e / l ÿ2 , so that its influence in the downscale version is smaller in relative.
We start the simulation with the one-constant equilibrium configuration of the 1=2 disclination, fix its core, and wait until the structure relaxes in the electric field forming the wall. We let the defect propagate first without the flow to acquire a dynamic configuration. Then we run the simulation with the flow until the defect velocity is saturated. The velocity of the 1=2 defect is now typically twice as large, whereas the ÿ1=2 defect is accelerated only weakly. We find that the elastic anisotropy does not contribute to the symmetry breaking. This can be understood as the wall is energetically identical for both defects and so is thus the driving force. Only the inner director field around the defect at radii smaller than E differs elastically for the defect and antidefect, but it does not contribute to the driving force as it stays the same during the motion. On the contrary, in the absence of an external field [7, 23] , the whole director field is changing and the elastic anisotropy does contribute appreciably.
We have added in Fig. 4 the simulated values of r for a set of orientations and for three different values of the degree of order S (we expect S 0:5 at T eq [16] ). They agree well with the measured ones and the dependence is partly recovered. Furthermore, one can roughly compensate for the different scaling of e by using typical magnitudes of the flow generated separately by v and e and taking into account lnl expt =a= lnl sim =a 2, as well as the empirical fact that e does not contribute to the asymmetry. Such an estimate shifts the simulated points for the size of the error bar towards lower r values. The simulations show that the symmetry breaking is sensitive to the value of S. The extreme values of S given in Fig. 4 , however, correspond to a rather large temperature range ( 12 K) . The ratio r is thus only slightly sensitive to the temperature (close to T eq ) in agreement with our experimental findings.
To conclude, we have presented the first experimental study of the dynamics of half-integer nematic disclinations with opposite charges in an external field. In 5CB, the 1=2 disclinations move systematically faster than the ÿ1=2 ones. The chosen quasi-2D experimental geometry with field-screened interaction between the defect and antidefect allows a direct comparison with 2D numerical simulations. The main features of the dynamics have been retrieved, showing that in the wall regime the asymmetry comes entirely from the backflow.
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